Introduction
An emergent consequence of global climate change has been the increase in the frequency and severity of climate extremes [1] . Climate extremes, such as drought, heavy precipitation, heatwaves and cold snaps, have the potential to produce large impacts to ecosystem dynamics [1] [2] [3] . However, the type and magnitude of ecological impacts resulting from climate extremes, both within [4] and among [5] ecosystems are highly variable [6] . With regard to plant responses, the variation can range from changes to species population genetics [7] , altered local species richness [8] , rapid shifts in ecotone boundaries [9] to continental-scale reductions in gross primary production [10] .
Implicit in these examples is the necessary consideration of the scale of the measurement. Ecologists have long recognized that the scale of an observation (e.g. temporal, spatial or level of organization) can significantly influence conclusions about the underlying processes determining a pattern [11] . It is also often the case that certain processes determine patterns observed at different scales [12] , as 'fast' processes (e.g. respiration) at fine scales and 'slow' processes (e.g. succession) operating at broader scales can affect and feedback to each other [11, 13] . These notions apply equally to ecosystem responses to climate extremes. For example, high sensitivity or alterations at fine scales, such as in plant physiology, can underlie and buffer impacts to broad scale processes, such as in net primary production [4, 14] . Therefore, an understanding of the cross-scale interactions between different levels of ecological organization (e.g. individual,
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Prior efforts to scale from individual-to ecosystem-level processes have considered the metabolic rate [15] , size and/ or density [16] of organisms. Suding et al. [17] proposed that community dynamics often complicate scaling up from the individual level, and that plant community processes may be scaled to ecosystem productivity by relating species abundances with their functional traits. Only recently have ecologists begun to explicitly consider how responses to climate extremes at lower ecological levels, such as individual mortality, will scale to ecosystem-level processes, such as carbon and water cycling [18] . Nevertheless, despite calls in the literature as a research need [6] , experimental or observational approaches that measure responses to climate extremes across multiple levels of ecological organization are relatively rare (figure 1).
Climate extremes will initially impact plant community and ecosystem processes via either physiological [19] or mechanical [20] impacts to individuals that produce the initiating conditions for responses [6, 12] at the population or community level (figure 2). Smith [6] proposed that ecosystem responses to climate extremes consist of three integrative hierarchical (i.e. ordered) pathways: (i) the immediate physiological and growth impact to individuals, (ii) demographic changes to species abundances (community response), and (iii) mortality/loss of species and replacement with novel species. Polley et al. [21] extended this framework by proposing that climate change, here climate extremes, will impact ecosystem function as a consequence of the response and effect traits of individuals, and how the climatic conditions alter the relative abundance of these traits in the community (community effect).
A response trait is considered to be a trait that may drive changes in the composition of species in the plant community, while an effect trait produces detectable feedbacks on ecosystem function [21] . For example, a trait that is highly responsive to drought stress, such as flowering in mesic grassland, may also have detectable feedback effects on ecosystem productivity due to the large investment of carbon in flowering stalks [22] . However, response and effect traits of plants may not necessarily be tightly coupled, and thus those traits responsible for driving plant community compositional change during or after an extreme may not translate to detectable impacts on ecosystem function, such as productivity [17, 21] . For example, traits that are highly sensitive to stress, such as photosynthetic responses to drought, may buffer impacts to ecosystem productivity by increasing water-use efficiency of species in the community. Furthermore, if there is high intraspecific or interspecific variation among genotypes or species sensitivities to an extreme, the extant functional diversity within the community may also operate to stabilize ecosystem functions [23] . Thus, the fundamental links between processes occurring across levels of organization in an ecosystem suggest that their dynamics will be highly interactive both during and after periods of climatic extremity (figure 2).
In the following literature review, we assess how plant responses to climate extremes vary and potentially interact across levels of ecological organization. In particular, we focus on studies that have considered response and/or Figure 1 . The number and type of study in terms of the ecological levels of organization that were assessed for the period 2000-2016. Inset is the data re-organized to more generally demonstrate the number of levels that studies have assessed. To date, ecological studies have typically focused assessment of responses to climate extremes at one ecological level, most notably the responses of individuals (e.g. physiology). What is clear is that studies that assess greater than two levels are comparatively rare, with the number of studies a decreasing function of the number of levels assessed. Studies were found and reviewed via a Web of Science and Google Scholar literature search utilizing the key words: climate extreme, plant, population, community, ecosystem. We then ran a separate search replacing climate extreme with drought, because this extreme has been of much focus in ecology. The list of studies and their DOI are provided in the electronic supplementary material.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160142 recovery dynamics from climate extremes across the individual, population, community and ecosystem level in herbaceous and forest plant communities. As a consequence, our review was not intended to assess how ecological responses to climate extremes differ across spatial [5] or temporal scales [24, 25] , studies of which are increasingly relevant and likely warrant their own independent reviews. We acknowledge that forest and herbaceous plant dynamics-which may include species turnover, productivity and sensitivity to global change drivers-can vary considerably between these ecosystem types as these dynamics operate on differential timescales. Rather, the focus of our review was to assess how information propagates across levels of organization within an ecosystem during and/or after periods of extreme climatic stress, and secondarily to see if the characteristics of these systems or the extremes may contribute to the observed dynamics.
While climate extremes are generally defined as statistically extreme or unusual climatic conditions (e.g. heatwaves or droughts), extreme climate events (ECEs) have been defined in a number of ways-both from climatic and ecological perspectives [6, [26] [27] [28] [29] . Indeed, these varying definitions, as well as the multiple different research approaches historically employed (e.g. observational versus experimental), underscore the challenges in attaining a general understanding of the ecological and evolutionary consequences of climate extremes [26] . For our purposes, we consider experimental, observational and opportunistic studies that assessed plant responses to climatically extreme conditions irrespective of the magnitude of the ecological responses. As a result, we do not limit our review to the climatic driver and ecological response definition proposed by Smith [6] , or to an organismal focused definition, such as proposed by Gutschick & BassiriRad [27] . Instead, our approach was motivated towards improving an understanding of the ecological mechanisms that may underlie the variability in ecosystem resistance and resilience to periods of climatically extreme conditions. Thus for this review, we employ the climatological definition outlined in the 2016 Attribution of extreme weather events in the context of climate change [29] (table 1 from the Introduction and synthesis of this issue [26] ).
Overall, our review has the underlying goal to synthesize past research findings and contribute to advancing a more integrative understanding about the role of responses at different levels of ecological organization in determining ecosystem response to and recovery from climate extremes. We sought to understand how the responses of processes occurring at lower levels, such as at the individual or population level, may inform higher order responses at the community and/or ecosystem level. Finally, another key objective of this review was to generate recommendations for researchers interested in mechanistically assessing ecosystem responses to climate extremes, and in particular the dynamics of ecosystem responses to climate extremes across levels of ecological organization.
Scaling individual plant responses to the population and community
The immediate impacts to ecosystem processes are likely to be driven by changes to physiological processes induced by the stress of a climate extreme [6] . Physiological adjustments in plants (e.g. rapid changes to stomatal aperture) operate to avoid the potentially irreversible functional damages a climatic stress can impose [19] and the associated fitness costs to the organism [27] . Physiological impacts to individuals will vary by the type of climate extreme experienced [19] . Force-driven mechanical damage is also of considerable importance in forest ecosystems exposed to high-energy storms [20] , or as a result of secondary consequences of climate extremes such as fire or flooding. In general, the stresses induced by climate extremes tend to produce greater impacts on plant performance than gradual climate change [30] despite their shorter timescales. As a result, such events are posited to more likely reduce plant productivity and increase the probability of mortality [31] . Expectations that individual responses to climate extremes may scale to trajectories of plant population or community compositional change are based on the assumption that species and genotypes differ in their sensitivities to environmental changes. Indeed, a large body of the literature suggests that variability in the responses of key organismal traits associated with fitness, survival or the life histories of individuals will impact demographic and population-level dynamics, and that such links may occur through multiple pathways [32] [33] [34] . Moreover, the degree of change to plant community diversity (e.g. richness) or composition (e.g. species relative abundances) produced by a climate extreme should be an emergent property produced by differential responses and sensitivities of individual genotypes or species in the community, and the impact of the climate extreme on their relative abundances. Thus, genotypes within populations and species or functional groups within the community with differential sensitivities to a particular climate extreme presents a mechanistic pathway for directional changes to plant community diversity, composition and likely productivity. Plant species in both forest and herbaceous ecosystems possess high variation in their physiological stress tolerances [9, 35, 36] . As a result, there is evidence of differential sensitivity among plant genotypes [37, 38] , species [9, [39] [40] [41] and functional groups [4, 42, 43 ] to climate extremes. Liu et al. [44] observed large variation in long-term drought impacts to tree growth depending on the species considered in Mediterranean forest communities, with fruit production and growth largely impacted in certain species and others not affected. Similarly, Hoover et al. [4] observed differential sensitivity to repeated droughts and heatwaves between the C 3 and C 4 co-dominant plant species. This led to asymmetric impacts on species population sizes and thus a reordering of species abundances in the community following the extreme [4] (table 1) . Interestingly, this variability also appears in other guilds besides plants. For example, Palmer et al. [45] reported that even closely related species within butterflies, moths and bird guilds varied significantly in what climatic conditions elicited extreme population responses. Thus, it has become increasingly clear that what is extreme for one species may not necessarily be extreme for another.
The observed variability in species sensitivity to climate extremes can be argued to underlie-and likely scale to-important plant community-level processes, such as niche complementarity. Through genotypes and/or species occupying different ecological niches, the temporal stability of ecosystem function is posited to be maintained in the face of environmental variation due to certain genotypes or species performing more optimally under different conditions [46] . Such a dynamic has been observed to decrease the temporal stability among species population dynamics within the community, yet increase the temporal stability of plant community productivity [47] .
Yet despite evidence for differential sensitivities among plant genotypes and species to climate extremes and evidence for compositional changes [4] , it is still rare that these observations scale to large community-level changes in species composition due to a single episode of climatic extremity (but see, [4, 9] ). Directional change to species composition that is driven by differential sensitivities among species may be most likely if a plant species' vulnerability to a climate extreme is matched with a low population size, as was observed in Minnesota grassland communities following drought [8] . However, non-random losses of species with low population sizes will likely not scale to large changes to community composition or productivity that is distinguishable from background variability [6, 48] . It is often the case that there are reported physiological or phenotypic impacts Table 1 . Adapted from Hoover et al. [4, 40] , in which both a statistically extreme drought and heatwave were imposed on an intact grassland ecosystem over a 2-year period, and responses across multiple levels of ecological organization were assessed. Checked boxes indicate detectable impacts to that ecological level, while unchecked boxes signify no detectable effects. The experimental results demonstrate how responses can propagate across levels of organization during and after a climate extreme, and how both individual and community-level processes may both scale to the ecosystem level. Of equal importance is how two types of climate extremes yielded different dynamics; while responses cascaded across multiple levels of organization for extreme drought, the impacts from heatwave were not detectable beyond the physiological level. Such differences may very well be attributed to differential durations of the extremes, as the heatwaves were of much shorter durations than the drought. Nevertheless, the dynamics of how responses propagate across levels of organization within an ecosystem during or after an extreme are likely to differ depending on the type of climate extreme the system experiences, as well as the underlying characteristics of the extreme.
level of organization drought heatwave individual physiological impacts on the dominant C 4 grass species were evident for both drought and heat wave. However, only drought impacts translated to changes in growth rates and propagated to impacts in higher order ecological processes to individuals that do not produce detectable impacts on plant population or community composition and ecosystem productivity [49, 50] . For example, despite evidence of widespread tissue dieback in individuals, Kreyling et al. [49] observed plant community productivity to be unaffected by both drought and heavy precipitation events. Moreover, high phenotypic plasticity in key traits associated with demographic processes (e.g. seed size) may also partially buffer negative impacts at the population level during or after environmental stress [34] . There is also increasing evidence for high intraspecific variability in species responses to extremes, which has been observed to be of equal or even greater magnitude than interspecific variation [51] . High intraspecific variability may be influenced by ecotypic and genetic variation within a species ( [37, 52, 53] , but see [54] ). High intraspecific trait variation has thus been posited to contribute to post-extreme shifts in community-weighted trait means irrespective of gains or losses of species from the community [55] . As a consequence, the impacts to individuals may not necessarily provide a single pathway for detecting impacts to population dynamics [33] , and thus changes in community composition resulting from a climate extreme.
Variability in individual responses to climate extremes will be further driven by the ecological context in which the organism exists, in which plant responses may be modified by competitive interactions, soil mineral nutrient availability or trophic interactions such as herbivory [56] . Thus, the detection of individual or population responses to climate extremes must also consider co-occurring ecological drivers [57] . Moreover, plant communities also exhibit a certain degree of stochasticity in terms of the trajectories of species demography. For example, Kreyling et al. [58] reported that even when multiple identical plant communities were exposed to the European drought and heatwave of 2003, the successional development of the communities followed multiple different pathways. Therefore, it is clear that high variability at lower ecological levels of organization, such as individual or population responses, may further complicate efforts to scale-up these responses to community-and ecosystem-level responses to climate extremes.
(a) The role of species functional identity Approaches designed to relate individual and/or population responses to alterations in community composition or ecosystem function must first consider both the population size and functional identity of a species in the community. This is so because a species' functional identity within the community is likely to modify the strength of interactions between individual and population responses to a climate extreme with community or ecosystem-level responses [59] . There is evidence to suggest that focusing assessment on the responses of functionally important species in the community can inform, at least in part, variability in community and ecosystem responses to climate extremes [4] . As terrestrial plant communities are commonly structured according to an abundance hierarchy [60] , highly abundant or dominant species are hypothesized to drive community and ecosystem processes [61] . This perspective has been extended to ecosystem-level responses to climate extremes, as decreased performance or changes to the population size of dominant species are likely to produce detectable impacts on processes that occur at the community and ecosystem level [6, 62] .
Research in forest communities has demonstrated that climate extreme impacts on the dominant tree species can impact the diversity of forest plant communities and alter community-level processes [63] . Owing to the large influence of forests on the global carbon cycle [64] , how climatically induced widespread tree mortality [65, 66] will impact the composition and productivity of forest ecosystems is a topic of increasing interest [67, 68] . Dominant tree species are an important structural component in forest ecosystems that significantly modify the physical environment. Consequently, widespread mortality, reduced growth or defoliation of a dominant tree species is expected to alter the ecology of the understory environment [69] , and as a consequence likely impact the extant species in the community.
Defoliation or mortality of the dominant tree species due to climate extremes has been observed to impact plant community composition as a result of increased performance and richness of shade-intolerant understory species due to increased canopy openness and light availability [63, [70] [71] [72] . This dynamic may scale to the ecosystem level if understory species are able to offset productivity declines of the dominant species. Differential sensitivities among co-dominant trees to a climate extreme [73] can alter the age structure and successional status of the ecosystem if one co-dominant species experiences a mortality threshold and the other does not [74] . Such changes to age structure or the successional state of vegetation may then impact the sensitivity of the ecosystem to future extremes [75] . Changes to dominance hierarchies due to differential sensitivities may further impact ecosystem productivity via competitive releases of a co-dominant [76] , and may generate longer term impacts to the composition of the community [9] . Owing to the long temporal scales of forest ecosystem dynamics and tree life histories, climatically induced mortality events and loss of dominant trees may permanently alter the structure, distribution and function of the ecosystem. For example, a severe drought in the 1950s produced a rapid and seemingly permanent 2 km shift in the piñ on-juniper woodland ecotone boundary within the Southwestern USA [9] .
However, it is important to consider that the timescales of recovery of forest ecosystems from these mortality events may exceed the shorter timescales of many ecological studies, resulting in the perception of permanent change. This highlights the need to understand the timescales of extreme event impacts (e.g. shorter-term mortality events) versus the longer timescales of recovery dynamics in ecosystems with long-lived species. In other words, with short-term extreme events, such as drought, there is likely to be a mismatch in the timescale of dynamics driven by physiological (short-term growth) versus demographic responses (short to long-term re-growth and recruitment dynamics) and alterations in physical processes that may modify these responses over time. Indeed, there is extensive knowledge of shorter term responses of ecosystems to disturbances and climate extremes, as well as understanding of century-scale dynamics as observed from pollen records during glaciation cycles, but our understanding of dynamics at medium timescales and the mechanisms determining these dynamics remains limited.
In grasslands, dominant plant species are a common attribute of the ecosystem, and can drive ecosystem productivity irrespective of species richness [48] . For example, Arnone et al. [77] found grassland community production responses to heatwave to be driven primarily by the dominant C 4 grass. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160142 Dominant species have also been observed to drive rapid recovery in ecosystem function following extreme drought [4, 78] . Similarly, in arctic shrublands decreased shoot growth of the dominant shrubs due to an extreme heatwave was observed to be linked to decreases in gross primary production [79] . Gradual decreases in the performance of the dominant species in response to 'press' type climatic extremity may further impact community composition by gradually facilitating increased abundance of initially subordinate species, as was observed in the response of a semiarid shortgrass steppe to prolonged drought [80] . Thus, ecologically dominant species and their responses to climate extremes have the potential to influence the trajectories of community and ecosystem responses in both forest and herbaceous plant communities, despite the fact that these systems operate on differential temporal scales.
There is also emerging evidence that functionally distinct species, such as nitrogen-fixing legumes, can modify neighbouring species responses and potentially influence communitylevel processes despite their relatively low population sizes. For example, Khan et al. [81] found the presence of legumes to facilitate the performance of neighbouring species in the community under heavy precipitation, which in turn may have contributed to the stabilizing of above-ground productivity observed in the experiment. Similarly, the presence or the absence of legumes has been reported as a determinant in community resistance to the same type of climate extreme [82, 83] . As such, functionally important species in the community that are not the dominant may also have the potential to impact individual, community and potentially ecosystem responses to climate extremes.
In total, there is evidence to suggest that ecologically and functionally dominant species can largely influence the response and/or recovery of community-and ecosystem-level processes to climate extremes. However, species with other functional roles in the community, despite their low population sizes, may also have the potential to impact community and ecosystem responses to an extreme. Owing to the directional nature of climate change and forecast increases in the magnitude of climate extremes, such as with global change-type droughts [65] , declines in the performance or abundance of dominant species may occur as stress thresholds are more commonly experienced [84] . Declines in the performance or abundance of dominant species may be offset by the extant pool of species [80] , and thus may portend a reordering of species abundances in the community and changes to ecosystem-level processes [85] . As such, reordering of species due to climate extremes, potentially driven by demographic responses of the dominant species (figure 2), may become an increasingly important pathway of change for plant community and ecosystem processes [86] .
It must also be noted that plant communities exhibit varying degrees of species dominance [60] . Thus, differential mechanisms besides dominance may operate in communities where species abundances are more evenly distributed or species turnover is high. On this issue, the well-documented relationship of plant biodiversity with ecosystem functioning and stability [87] [88] [89] suggests that such dynamics are likely to operate in plant communities during and/or after periods of climatic stress. As a result, efforts that scale individual species responses to ecosystem responses to climate extremes will likely undermine the complexity of processes occurring at the community level.
Scaling community responses to ecosystem productivity
As climate change progresses, climate extremes are likely to become an increasingly important determinant in the structure (richness, diversity or composition) of plant communities. Indeed, there is evidence that climate extremes can impact the species diversity and composition of plant communities [8, 9, 70, [90] [91] [92] [93] . However, there is still little evidence that climate extremes often induce large changes to plant community composition [86] , and thus large vegetation shifts following climate extremes are currently the exception rather than the norm (but see [9] ). Although functional resistance to climate extremes is often low, rapid recovery and thus stability in ecosystem function is evident across systems ( [4, 82] , but see [25] ). The paucity in large compositional or functional changes appears to be often driven, in part, by context-dependent community-level processes that act to stabilize plant community structure and/or function in response to, or recovery from climate extremes [4, 14, 94] . The composition of interacting plant species within a community can greatly modify the response of both individual organisms and ecosystem productivity to a climate extreme [49, [95] [96] [97] [98] . While it is clear that ecologically dominant species can often drive trajectories of ecosystem response and recovery, a large body of evidence supports biodiversity as an ecological property of plant communities that increases their functional stability [87] [88] [89] . The diversity-stability hypothesis is rooted in the multifunctional advantage of niche partitioning among species, in which functional diversity among species is an emergent property of variability in the environment [46, 99] . Indeed, these trade-offs in stress tolerance and responses to climatic extremes have been reported to increase both local [100] and regional diversity [90] patterns of plant communities within forest and herbaceous ecosystems. As alluded to earlier, stability in ecosystem productivity may also be driven by reduced stability at lower ecological levels, such as with species population dynamics [46, 47] . Thus, the high variability that is evident at the individual or population level may provide a pathway to stabilize community composition [86] or ecosystem productivity [14] with respect to increases in climatic extremity and variability.
There is evidence to suggest that plant communities with greater species richness tend to be more functionally resistant to climate extremes [23, [101] [102] [103] [104] , thus supporting the diversity-stability hypothesis. Community-level mechanisms of resistance appear to be, in part, driven by niche separation via differential functional responses among species to an extreme event. For example, Mariotte et al. [103] reported that even with declining performance of the dominant species under drought, subordinate species were able to maintain carbon uptake and therefore partially compensate for productivity declines. Niche partitioning has also been reported to occur due to morphological or temporal separations among species in soil-water resource acquisition under drought stress. Such differential acquisition strategies can partially reduce competition for soil moisture and stabilize carbon uptake [105] . Differential drought sensitivity of codominant trees may also relax competitive interactions between species, allowing compensatory growth of the lesssensitive species to occur that offsets growth reductions of the other species, as was observed within mixed stands of deciduous forest [76] .
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However, plant communities with greater species richness may also potentially have negative [106] [107] [108] [109] effects on ecosystem stability under climatic extremity. Both the sampling and niche complementarity effect of biodiversity have been reported to decrease the resistance of ecosystem productivity to climate extremes. The sampling probability effect suggests that biodiversity and ecosystem function relationships may be often driven by the chance of a plant community containing a highly productive species [110] . Yet just as more species-rich communities may have a greater probability of containing highly productive species, such highly productive species may exhibit functional trade-offs and thus be highly sensitive to a particular climate extreme.
As a consequence, this dynamic has been observed to decrease the resistance of ecosystem productivity to an extreme [106] . Similarly, niche complementarity in soil-water resource use has been reported to produce a greater draw down in total soil water availability, and thus heighten interspecific competition, increase plant water stress and decrease the performance of species in the community [107] . However, these examples appear to currently be the exception rather than the rule. Interestingly, Lloret et al. [108] observed changes in the diversity-resistance relationship in response to drought in moving across climatic gradients, with positive relationships in water-limited sites, and more negative relationships in wetter sites. This result suggests a potentially key role for the climatic context in which species and communities have evolved for contributing to variability in the relationship between species richness and resistance to climate extremes.
Resilience, i.e. the rate and magnitude of recovery, in ecosystem productivity following climate extremes has been reported to be driven by compensatory and demographic responses of species in the community following the climate extreme [4] . As stated earlier, widespread mortality of dominant trees in forests due to extreme events can promote recruitment and growth of light-limited understory species in the community [41, 70] , which can partially offset reductions in ecosystem productivity while at the same time altering community composition. For example, Lloret et al. [41] observed mortality following a climate extreme to be positively correlated with seedling recruitment in Mediterranean shrublands. Thus, mortality or reduced performance of species in the community presents a potential pathway for other species in the community to compensate and offset productivity declines and drive ecosystem recovery, thereby enhancing stability in function.
By contrast, Isbell et al. [111] observed a lack of evidence for increased resilience in productivity with higher plant species diversity across grassland biodiversity experiments. Reductions in species richness also often do not preclude full recovery in productivity in native grassland plant communities [4, 8] . However, diversity-dependant ecosystem recovery following extremes is also often reported [38] . Thus, there appears to be a lack of generality in the effect of plant diversity on ecosystem resilience to climate extremes. On this issue, ecosystem resilience to climate extremes may be a process in plant communities that is more strongly driven by both post-extreme abiotic conditions and the functional traits of the surviving species in the community, irrespective of species richness ( [48] but see [112, 113] ). More specifically, resource availability following relaxation of the extreme and the capacity of the surviving species to respond to those conditions will likely drive ecosystem resilience [4, 8] .
Nevertheless
Another community-level process that may contribute to stability in ecosystem processes under climatic extremity is the beneficial interactions between species that can develop during a climate extreme, such as facilitation [114] . Shifts from competitive to facilitative interactions between species due to increases in abiotic stress underlie the stress gradient hypothesis [115] . Although there is evidence to suggest the existence of beneficial interactions between species under climatic extremity, these dynamics are ecologically contextdependent. For example, whether species interactions were facilitative, competitive or neutral in response to drought and heavy rainfall depended on community compositional context in European grassland [94] . Saccone et al. [116] found that facilitation of understory nurse seedlings during heatwave depended on soil moisture status, with facilitation disappearing under low soil moisture. Furthermore, the presence of legumes has been observed to benefit neighbouring plants under heavy rainfall via increased nitrogen availability, yet this effect may lessen or disappear under extreme drought [81] . Thus, it is still unclear the role that species interactions will play with respect to community and ecosystem responses to climate extremes.
(a) Species invasions and climate extremes
The entry of novel species into the community due to the community-level impacts of a climate extreme may become a stronger determinant of plant community change as the frequency and severity of extremes increases. As such, climate extremes have been posited to potentially facilitate species invasions via multiple mechanisms [117] , of which there is some supporting evidence. Mortality of species in the community may produce 'invasion windows' that reset plant community development [118] . This resetting of community dynamics has been observed to facilitate the entry of novel species into the community, in large part due to space creation [119] .
Mortality of individuals and space creation may also generate a pulse of resources during or after a climate extreme that facilitates the establishment of novel species into the community [120] , as predicted by the fluctuating resource hypothesis [121] . Indeed, extreme wet years have been observed to potentially facilitate plant invasions [122] , likely due to increased inorganic nitrogen availability via increased mineralization [92] . Extremes such as drought may also induce alterations to soil properties that promote exotic performance over natives [123] . Heightened performance of exotics under climatic extremity may then lead to community compositional changes, with consequences for ecosystem productivity [124] .
However, plant communities may also possess a high degree of structural resistance to invasion during or following extremes, which varies depending on the degree to which the properties of the community (e.g. species richness) are altered. Invasion resistance appears to be predicated in part on both the species composition and richness of the community and the type of climate extreme. For example, Kreyling et al. [125] reported a nearly twofold increase in invasion under heavy rainfall as opposed to drought, yet with the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160142 degree of invasion generally reduced in more diverse communities. Similarly, Sheppard et al. [126] reported high variability in whether drought or heavy rainfall facilitated exotic performance. Establishment success of native versus exotic seedlings has also been demonstrated to depend on whether a temperature extreme was positive or negative [127] , suggesting that there will be important interactions between the type of climate extreme and the traits of the invaders. Thus, whether or not climate extremes will facilitate plant invasions is likely to be contingent upon the type of extreme, how the extreme modifies the species composition and abiotic conditions of the community and the functional attributes of the invader.
Integrating responses across ecological scales
Studies that employ multi-scale approaches are valuable in demonstrating the importance of a holistic understanding of ecosystem responses to changing climatic variability [128] and extremity [4, 14, 129] . The magnitude of response to a climate extreme will likely vary with the ecological level of organization (e.g. 'fast' individual versus 'slow' community responses). Thus, an understanding of the relative sensitivities among scales may contribute insight towards the relation of each scale to one another, and contribute understanding towards the variability in ecosystem resistance and resilience to climate extremes. However, multi-scale studies employing greater than two ecological organizational levels are relatively rare (figure 1). The utility of multi-scale approaches in understanding ecosystem responses to climate extremes can be best demonstrated by those experiments that have assessed responses across multiple levels of organization, from the individual, population, community to the ecosystem level.
From a response perspective, Jentsch et al. [14] observed negligible effects of a statistically extreme 5-year growing season drought on both above-and below-ground ecosystem productivity in herbaceous plant communities. However, responses at the physiological were pervasive, which included reduced net photosynthesis, lower leaf water potentials and alterations to leaf C : N consistent with drought stress. At the plant community level, the experiment observed interspecific compensatory responses in species' morphology, in particular tiller outputs, that contributed to the stabilization in community productivity. These dynamics occurred without large structural changes in plant community composition. Thus, this experiment supports the hypothesis of stabilizing mechanisms within plant communities under climatic extremity [86] , and in particular the notion that processes that operate and interact across lower levels of organization may contribute to the stabilization of different ecosystem functions.
From a recovery perspective, Hoover et al. [4, 40] (table 1) observed plant water status, net photosynthesis and productivity responses of the dominant grass species to generally correspond with large reductions in above-ground net primary productivity in response to extreme drought. However, despite low ecosystem resistance to climate extremes and near local extinction of the dominant forb species, demographic compensation of the dominant grass following the extreme drove full recovery in ecosystem productivity (table 1) . Thus, while physiological and growth responses were partially linked with declines in ecosystem productivity and low resistance, it was community-level processes via demographic compensation of species following the extreme that largely drove full recovery and thus the stability of ecosystem production to drought. Furthermore, while drought responses interacted across scales in this ecosystem, heatwave impacts were not detectable beyond physiological responses, despite both events being statistically extreme with regard to the long-term climate record (Hoover et al. [4] for methods). Yet, importantly, the underlying characteristics of each extreme also differed, as the drought lasted the entirety of the growing seasons, while the heatwave occurred for two weeks during the middle of each growing season. Nevertheless, Jentsch et al. [14] and Hoover et al. [4, 40] demonstrate that interactions between lower ecological levels can underlie and inform ecosystem-level responses to and recovery from climate extremes. Additionally, responses to climate extremes at lower levels, such as in physiology, may not always be detectable at the ecosystem level depending on the type of climate extreme the system was exposed to, and the underlying characteristics of the extreme (e.g. magnitude or duration). In total, these results suggest that the organizational dynamics of scale within an ecosystem are likely to differ depending on the type of climatic stress experienced by the system (table 1).
Synthesis, concluding remarks and recommendations for research
Research on the ecology of climate extremes has emerged as a frontier in climate change research. Although the number of ecological studies on climate extremes continues to grow [3, 6, 130] it is evident that both experimental and observational approaches often focus on one ecological level, and less often assess responses to an extreme climate period across multiple levels of ecological organization (figure 1). Our review suggests that an understanding of ecosystem responses to climate extremes will be heightened by consideration of cross-scale interactions. This is so because it is often the case that variability, sensitivity or changes observed at one level (e.g. physiology or population), can mechanistically act to reduce variability at other levels, such as ecosystem productivity [4, 14, 47] , either during or after a climate extreme. Within any given ecosystem, the variability of ecological responses is likely to decrease in moving from the individual, population or community to the ecosystem level. It also is clear that the efficacy of upscaling individual or population responses to the community or ecosystem level largely depends on the functional identity and/or population size of a species within the community. The literature to date has provided support for the notion that the responses of dominant species can feed into and impact plant community and ecosystem responses to climate extremes. Yet equally relevant are biodiversity-driven dynamics at the community level that may operate in concert with the responses of dominant species. Community-level processes such as niche partitioning (in resource acquisition or stress tolerance) and demographic compensation, both during and after extremes, are ecological mechanisms that can heighten the stability of plant community composition or function to climate extremes.
As a consequence of these dynamics, we contend that studies focused on responses at one ecological level do so at the potential risk of overlooking contributing drivers to the variability of the response at that level, at least from an organizational perspective. Variability in the response of rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160142 ecosystem productivity to climate extremes is likely to, in part, be determined by how individual, population and community processes respond, interact and integrate during and/or after the extreme period. Indeed, extreme climate periods often do not elicit large ecosystem-level responses [6] . Yet, negligible impacts of a climate extreme on higher order ecosystem-level functions do not necessarily mean that the system has not been detectably impacted at lower levels of organization. More pronounced impacts at lower levels, such with individual plant physiology or morphology, may underlie or portend interactions between population and community-level processes. These dynamics can further add explanatory power to responses at the ecosystem level, such as net primary productivity [14] . However, we posit that different insights into the variability of ecosystem responses may be attained by scaling-down and decomposing ecosystem-level responses into its smaller components (topdown approach), versus scaling-up and integrating fine-scale responses to understand broader components (bottom-up approach), as has been the focus of this review. Thus, assessing how top-down versus bottom-up research approaches compare in terms of ecological response dynamics to climate extremes warrants further exploration.
Future research efforts focused on scaling individual responses to climate extremes to community or ecosystem processes ought to focus assessment on the responses of functionally distinct species in the community (e.g. dominant species), and relate those responses to the broader context of community and ecosystem responses. Thus, a deeper understanding of how current ecological dominants, i.e. those species with large population sizes, will respond to novel climatic stress may provide insight to the potential pathways and trajectories of change in community composition and/or productivity. Prior research also suggests that community-level properties and processes such as functional diversity, beneficial interactions and species invasions, all have the potential to modify community and ecosystem resistance and resilience to climate extremes.
Community ecology, in particular, is often described as having a 'black box' of complexity and contingency [131] . Indeed, such complexity appears to apply equally well to climate extremes. On this notion, we stress the need for deeper investigation into how processes and species interactions within (e.g. competition) and among (e.g. dispersal) communities may scale to impact the stability of community composition and ecosystem function, both locally and regionally, during and after climate extremes. This follows the concept that non-random community compositional changes are likely to be a mechanistic pathway for mediating changes to ecosystem function that operate in synergy with environmental change drivers [132] , such as climate extremes. In addition, greater attention towards integrating population and community-level processes into impact-oriented investigations of ecosystem-level responses to climate extremes will be critical in bridging individual to ecosystem responses (figure 2). Indeed, while the complexities of studying the impacts of climate extremes across levels of organization underscore the challenges in studying their dynamics, such complexity also signifies the importance of a holistic approach in assessing their ecological consequences.
Data accessibility. One data file containing studies and the study type used to generate figure 1 will be available in the electronic supplementary material. Figure 1 was generated using R statistical software environment (v. 3.2.1) accessible at https://www.rstudio. com/. The R code for this figure will also be provided in the electronic supplementary material.
